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In order to clarify the physiological role of the merE gene of transposon Tn21, a pE4 plasmid that
contained the merR gene of plasmid pMR26 from Pseudomonas strain K-62, and the merE gene of
Tn21 from the Shigella ﬂexneri plasmid NR1 (R100) was constructed. Bacteria with plasmid pE4
(merR-o/p-merE) were more hypersensitive to CH3Hg(I) and Hg(II), and took up signiﬁcantly more
CH3Hg(I) and Hg(II), than the isogenic strain. The MerE protein encoded by pE4 was localized in
the membrane cell fraction, but not in the soluble fraction. Based on these experimental results,
we suggest for the ﬁrst time that themerE gene is a broad mercury transporter mediating the trans-
port of both CH3Hg(I) and Hg(II) across the bacterial membrane.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction of protein MerE has been presumed to have two transmembrane-Bacterial resistance to mercurials is usually conferred by an
operon of genes that are often located on plasmids or transposons
[1–4]. The biochemical mechanism of mercury resistance encoded
by transposon Tn21 has been thoroughly studied [1,3,4]. Tn21 itself
is carried by plasmid NR1 (R100), a 94.5-kb, self-transmissible,
multiple-antibiotic resistance plasmid [5] that was originally iso-
lated from Shigella ﬂexneri. Genetic analysis and DNA sequencing
studies of themer operon of Tn21 have identiﬁed seven genes (mer-
RTPCADE) involved in mercurial resistance. As currently viewed,
merR is a regulatory gene that controls transcription of the merTP-
CAD genes, both negatively and positively [6–8]. merD has been
associated with a transcriptional coregulatory function [9,10].merT,
merP, merC and merA code for an inner membrane Hg(II) transport
protein, a periplasmic Hg(II) binding protein, an inner membrane
Hg(II) transport protein, and a mercuric reductase subunit, respec-
tively [1,3,4]. The merE gene at the end of the mer operon immedi-
ately following the merD gene in Tn21 is also frequently found in
many narrow-spectrum and broad-spectrum mer operons [1,3].
However, the biological deﬁnition for merE is lacking.
The putative merE gene of Tn21 has a start codon (GTG), a
Shine–Dalgarno consensus sequence (AGGAGG), and encodes a
predicted polypeptide of 78 aa. The predicted secondary structurechemical Societies. Published by E
M. Kiyono).spanning a-helices, with the cysteine pair positioned approxi-
mately in the middle of the ﬁrst helix [11]. The cysteine pair is also
found in the same predicted position in protein MerT, a well-
known mercury transporter [12,13]. In addition, the DNA sequence
of the merE gene of Tn21 is 58% similar to the DNA sequence of the
merT gene in the manymer loci, which suggests that the MerE pro-
tein may play a role in mercury transport. However, as yet, there is
no direct experimental evidence showing whether or not this gene
is transcribed and translated in bacterial cells, or showing the ef-
fects of the protein on mercury resistance.
In the present study, in order to determine the physiological
role of the merE gene, a pE4 plasmid that contained the merR gene
and operator promoter genes of plasmid pMR26 from Pseudomonas
strain K-62, and the merE gene of Tn21 from the S. ﬂexneri plasmid
NR1 was constructed. We demonstrate for the ﬁrst time that the
MerE protein encoded by pE4 is localized in the membrane cell
fraction and is a novel, broad mercury transporter which governs
the transport of CH3Hg(I) and Hg(II) across bacterial cytoplasmic
membranes.
2. Materials and methods
2.1. Bacterial strain, plasmids and growth conditions
Escherichia coli XL1-Blue carrying the pKF19k cloning vector
was grown at 37 C in Luria–Bertani (LB) medium and used forlsevier B.V. All rights reserved.
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supplemented with 25 lg/ml kanamycin.
2.2. Enzymes and reagents
Restriction enzymes, DNA ligation kit and Taq polymerase were
obtained from Takara Shuzo Corporation (Kyoto, Japan). 14CH3HgCl
was obtained from Amersham (Bucks, UK). Non-radioactive mer-
curials were of analytical-reagent grade and were purchased from
Wako Chemicals (Tokyo, Japan).
2.3. Puriﬁcation of MerC or MerE-His6 tag protein and preparation of
speciﬁc antibodies
To obtain a large amount of MerC or MerE-His6 tag protein for
antibody production, the proteins were expressed using a baculo-
virus-silkworm expression system (Katakura Industries Co. Ltd.
Saitama, Japan). Primers UXhomerC (50-CCGCTCGAGATGGGA-
CTGATGACACGCATT-30) and LXbamerChistag (50-GCTCTAGATTA-
GTGATGGTGATGGTGATGCAAGCGCTTGGCGGGGAG-30) or UXho-
merE (50-CCGCTCGAGATGAACGCCCCTGACAAAC-30) and LXbamer
Ehistag (50-GCTCTAGATTAGTGATGGTGATGGTGATGTGATCCGCCC-
CGGAAGGC G-30) were used to produce the merC (0.46 kb) or merE
(0.23 kb) of Tn21 on plasmid NR1 (R100) (Accession No.
AF071413), respectively. The PCR fragment of merC or merE his
tag was inserted into the XhoI–XbaI site of the transfer vector
pM01 (Katakura Industries Co. Ltd., Saitama, Japan) and was se-
quenced, respectively. The transfer vector and linearized genomic
DNA of ABv baculovirus (Bombyx mori nucleopolyhedrovirus; CPd
strain, KATAKURA INDUSTRIES Co., LTD., Saitama, Japan) [14] were
co-transfected into B. mori-cultured cells (BmN) [15]. After propa-
gation of the recombinant baculovirus containing the merC- or
merE-his6 tag gene in BmN cells, they were used to infect silkworm
pupae. Six days after inoculation, the infected pupae (40 g) were
homogenized in 140 ml of the homogenation buffer (20 mM
Tris–HCl, pH 8.0, 0.15 M NaCl, 1 mM EDTA, 1 mM EGTA, 10% glyc-
erol, 1 mM DTT, 1 mM phenylmethylsulfonyl ﬂuoride, 10 mM ben-
zamidine) and centrifuged at 100000g for 1 h, 4 C and the
supernatant was discarded. The pellet was resuspended in
140 ml of homogenation buffer added 1% Triton X-100. After incu-
bation with stirring for 1 h at 4 C, the suspension was centrifuged
as above, and the pellet was discarded.
The supernatant was applied to a Ni-agarose column and then
the column was washed with the wash buffer (25 mM Tris–HCl,
pH 8.0, 0.25 M NaCl, 1 mM EDTA, 5% glycerol, 0.5% Triton X-100).
The MerC- or MerE-His6 tag protein was eluted with the elution
buffer (100 mM Tris–HCl, pH 8.0, 0.3 M NaCl, 1 mM EDTA, 5%
glycerol, 0.3% Triton X-100, 0.4 M imidazole). Fractions containing
the MerC- or MerE-His6 tag protein were pooled and frozen at
80 C until further use.
The MerC- or MerE-His6 tag protein was injected into rabbits.
The anti-MerC and anti-MerE antibodies were prepared by Operon
Biotechnology (Tokyo, Japan).
2.4. Plasmid construction, subcellular fractionation, SDS–PAGE and
Western blot analysis
Plasmid pR2 carrying the merR-o/p gene of plasmid pMR26
(Accession No. D83080) was constructed as follows. A 0.50 kb frag-
ment containing themerR-o/p genes was PCR ampliﬁed with prim-
ers 239UPstmerR (50-AACTGCAGCTAAGCTGTGGAAGCCCCTG-30)
and 241LKpn promoter (50-GGGGTACCACGTTGGCCCTTTTGAATTT-
30) that contained restriction sites for PstI and KpnI. After digestion
with PstI and KpnI, the fragment was cloned into the PstI–KpnI site
of vector pKF19k and was sequenced. Primers 257UKpnmerE (50-
GGGGTACCATGAACGCCCCTGACAAACT-30) and 243LEcomerE wereused to produce the merE region (0.23 kb) of transposon Tn21 on
plasmid NR1 (Accession No. AF071413), which was cloned into
the KpnI–EcoRI site of plasmid pR2 and then sequenced. The resul-
tant plasmid was designated pE4. The structure of the relevant
genes and restriction sites in the constructed plasmid used in this
study are schematically illustrated in Fig. 1.
E. coli JE5525 cells with plasmid NR1 or E. coli XL1-Blue cells
with plasmid pE4 were grown to an optical density of 0.80 at
600 nm with 5 lM Hg(II). The cells were centrifuged, washed
(50 mM Tris–HCl, pH 8.0, 0.15 M NaCl, 1 mM EDTA, 10% glycerol)
and suspended in 1.2 ml of the same buffer. The harvested cells
were disrupted by sonication in the presence of 80 lM phenyl-
methylsulfonyl ﬂuoride, 2 mM benzamidine and 0.25 lg/ml
leupeptin. Undisrupted cells were removed by low-speed centrifu-
gation. The cell homogenate was centrifuged at 104000g for
30 min. After centrifugation, the pellet containing the membrane
fraction was suspended in 1.2 ml of wash buffer supplemented
with 1% Triton X-100. The soluble (supernatant) and particulate
fractions were boiled with an equal volume of 2 Laemmli’s sam-
ple buffer for 5 min. SDS–PAGE was performed with 14% mini-gels.
The MerC- and MerE-His6 tag proteins were used as positive con-
trols. Proteins in gels were blotted electrophoretically onto nitro-
cellulose membranes using a Trans-Blot transfer cell (Bio-Rad,
CA, USA). The membrane was immersed in 5% skim milk in PBS
overnight to block non-speciﬁc binding. Then, the membrane was
incubated overnight at 4 C with the appropriate dilution of
antibodies (Operon Biotechnology, Tokyo, Japan) against the pro-
teins of interest. The membranes were washed with PBS that
contained 0.1% Tween 20 and reacted with peroxidase-
conjugated anti-rabbit IgG (Sigma Aldrich, MO, USA) for 1 h. After
washing, the immunoreactive bands were visualized with an ECL
detection kit (GE Healthcare, Giles, UK).
2.5. Mercurial resistance and uptake assay
Resistance of bacteria to CH3HgCl and HgCl2 was determined on
Petri dishes as described previously [16]. For the CH3HgCl uptake
assay, E. coli cells of strain XL1-Blue that carried the control or
recombinants were incubated with 5 lM 14CH3HgCl (2.11 GBq/
mmol) at 37 C. Aliquots of the suspension were removed periodi-
cally and ﬁltered on a Whatman GF/B glass microﬁber ﬁlter
(0.45 lm). The ﬁlters were washed three times with LB broth that
contained 100 lg/ml chloramphenicol and 100 lM EDTA, and then
the radioactivity on the ﬁlter was measured by a liquid scintillation
spectrometer (Perkin–Elmer A310001). The standard deviations for
each measurement were less than 10%. For the HgCl2 uptake assay,
the cell suspension was incubated with 10 lM HgCl2 at 37 C. Ali-
quots (0.5 ml) of the suspension were harvested and washed three
times with LB broth that contained 100 lg/ml chloramphenicol
and 100 lM EDTA. After digestion with concentrated nitric acid
for 1 h at 90 C, the amount of total mercury in the cells was mea-
sured by an atomic absorption spectrometry analyzer HG-310
(HIRANUMA, Japan).3. Results
3.1. Expression of MerE encoded by Tn21 and pE4
Expression of MerE protein encoded by transposon Tn21 on
plasmids NR1 (R100) and pE4 was measured by Western blot anal-
ysis using a polyclonal anti-MerE antibody that was prepared for
this study. A novel protein band of 8 kDa, which reacted speciﬁ-
cally with anti-MerE antibody, and the well-known mercury trans-
porter MerC (15 kDa), which reacted with the anti-MerC antibody,
were identiﬁed in the membrane fraction from bacterial cells with
Fig. 1. Shown is a schematic representation of the procedures by which the plasmid pE4 was constructed from plasmids NR1 and pMR26.
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also detected in the membrane fraction from bacterial cells with
plasmid pE4 (Fig. 2B, lane 3) but was not detected in the soluble
fraction. The protein size is consistent with the size predicted from
translation of the DNA sequence of the merE gene. These experi-
mental results demonstrate for the ﬁrst time that the merE gene
on Tn21 was transcribed and translated into a protein with a
molecular mass of 8 kDa, which was probably located on the cell
membrane.
3.2. Effect of merE on mercury resistance and mercury uptake
In order to study the physiological role of the MerE protein, the
effect of MerE on bacterial susceptibility to mercurials was ﬁrst
examined. Bacteria with plasmid pE4 (merR-o/p-merE) showed
more hypersensitivity to CH3Hg(I) than the isogenic strain, using
cloning vector pKF19k (Fig. 3A). The cells with plasmid pE4 also
showed signiﬁcantly more sensitivity to Hg(II) than the control
cells (Fig. 3B).
Next, uptake of CH3Hg(I) and Hg(II) by cells with the pE4 plas-
mid and vector was further examined. As shown in Fig. 3C, cells
with pE4 took up about two times more 14CH3Hg(I) than the con-
trol cells with cloning vector pKF19k. The cells with pE4 also tookFig. 2. Western blot analyses of the crude cell extracts (lane 1), soluble fractions
(lane 2), and membrane fractions (lane 3) of the transformant strain with plasmid
NR1 (A) or plasmid pE4 (B) were performed using the anti-MerE or anti-MerC
polyclonal antibodies. E. coli JE5525 with plasmid NR1 and E. coli XL1-Blue with
plasmid pE4 were prepared and grown with Hg(II) as described in Section 2. The
arrow indicates puriﬁed MerC (15 kDa) or MerE (8 kDa) as described in Section 2.
Lane M represents the puriﬁed MerC (15 kDa) or MerE (8 kDa).up signiﬁcantly more Hg(II) than the cells with cloning vector
pKF19k (Fig. 3D).4. Discussion
Bacterial resistance to mercurials is known to occur by trans-
port of mercurials into the cytoplasm of bacterial cells and subse-
quent enzymatic reduction of mercurials to the less toxic and
volatile Hg0 [17]. Transport of inorganic mercury into bacterial
cells as mediated by mercury transport genes, such as merT and
merC, has been studied in the greatest detail [18–21]. However,
less is known about organomercury transport. Recently, we dem-
onstrated that the merT gene of Pseudomonas K-62 plasmid
pMR26, which confers bacterial resistance to both inorganic and
organic mercury, was involved in the transport of Hg(II) and phen-
ylmercury across bacterial membranes [12,13] but did not partici-
pate in the transport of CH3Hg(I) [16]. Many gram-negative
bacteria that are resistant to inorganic mercury are also able to de-
grade phenylmercury and a variety of alkylmercury including
CH3Hg(I) [22,23]. The enzyme responsible for this degradation is
the cytoplasmic organomercurial lyase [24,25]. It seems reasonable
to expect that transport of CH3Hg(I) into cells is necessary for this
lyase enzyme to act upon it. However, as yet, there is no informa-
tion about the bacterial transport of CH3Hg(I).
Although the putative merE gene has been frequently identiﬁed
in many mer loci and the properties of the predicted protein have
been reported, the precise function of merE is not known to date
[1,3]. In the present study, we found that merE is certainly tran-
scribed and then translated into a protein with a molecular mass
of 8 kDa in the cells with plasmids NR1 (R100) and pE4 that were
cultured in the presence of 5 lM Hg(II) (Fig. 2). In addition, the
MerE protein and the MerC protein, an inner membrane mercury
transporter, were identiﬁed in the membrane fraction, suggesting
that MerE is a membrane protein. Interestingly, in the absence of
mercury induction, the cells with plasmid NR1, but not cells with
plasmid pE4, expressed low constitutive levels of MerE (data not
shown). The reason for this ﬁnding is not known but seems to be
related to gene location. The merE gene has been mapped as
Fig. 3. This ﬁgure shows the bacterial susceptibility to CH3Hg(I) (A) or Hg(II) (B) and the bacterial uptake of 14CH3Hg(I) (C) or Hg(II) (D). E. coli XL1-Blue with vector (4) or pE4
(d) was grown, prepared and assayed as described in Section 2. All values represent the means of triplicate determinations from three experiments. Values are expressed as
means ± S.D. The asterisk indicates means that were signiﬁcantly different from the control value at the same time point (*P < 0.05, **P < 0.01, t-test).
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the mer operon of Tn21 on plasmid NR1.
Bacteria with plasmid pE4 (merR-o/p-merE) were more hyper-
sensitive to CH3Hg(I) and Hg(II) than the cells with plasmid
pKF19k (Fig. 3A and B). The hypersensitivity shown by bacteria
with pE4 is thought to result from hyperuptake of toxic mercuri-
als into cells, mediated by merE in the absence of mercury reduc-
tion mechanism. These experimental results reveal that merE
may play a role in the transport of both CH3Hg(I) and Hg(II). In
order to clarify this presumption, direct examination of mercury
uptake by the cells with pE4 was performed. As expected, bacte-
ria with pE4 took up signiﬁcantly more 14CH3Hg(I) and Hg(II)
than bacteria with pKF19k (Fig. 3C and D). These results demon-
strate for the ﬁrst time that the merE gene is a methylmercury
transporter which governs CH3Hg(I) and Hg(II) across bacterial
membranes. Unfortunately, the present data did not allow us to
precisely correlate the increased CH3Hg(I) sensitivity with in-
creased CH3Hg(I) uptake as the manner for responding to Hg(II).
In some bacteria CH3Hg(I) may be the less toxic form, possibly
due to subsequent sequestration or volatilization from the cells
[26]. In addition, CH3Hg(I) has been shown to be intrinsically less
toxic than Hg(II) when mercury was incorporated into living cells
[27,28]. At present we do not have enough information to war-
rant further discussion. If transport of CH3Hg(I) into cells is
essential for bacterial resistance to CH3Hg(I). A question was
raised concerning the reasons why the merE gene was conserved
in the narrow-spectrum mer operon, which determines bacterial
resistance to inorganic mercury only. Further studies are required
to achieve a more complete understanding of the functions of the
merE gene.
In conclusion, the merE gene is indeed transcribed and trans-
lated into a membrane protein with molecular mass of 8 kDa.
Moreover, the membrane MerE protein is a methylmercury
transporter.
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